Magnetic tuning of tunnel conductivity 
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Using the simplest two-subband Stoner model, it is shown that the variation of the Fermi energy 
under applied magnetic field is inverse proportional to the spontaneous magnetization and hence 
most pronounced close to the critical Stoner condition, that is to the quantum critical point of 
ferromagnetic transition. The perspectives of this result for magnetic tuning of tunnel conductivity 
in spintronics devices is discussed. 

PACS numbers: 71.55.-i, 74.20.-z, 74.20.Fg, 74.62.Dh, 74.72.-h 



Development of new effective methods to control the spin 
degrees of freedom in electronic transport, generally re- 
ferred to as spintronics, is one of the hottest topics in 
modern solid state physics. The earlier solutions in this 
area were intended on formation of a certain difference in 
kinetic coefficients for spin- up and spin-down electrons, 
controlled by the applied magnetic field (see e.g. recent 
review in p|, 0), and they still encounter difficulties in 
achieving reasonable field effect, above several percent. 
An alternative, and more efficient, route exploits spin- 
dependent tunneling with controllable transparency of 
tunnel barrier 0, Q, usually through the effect of mu- 
tual polarization of magnetic electrodes on the overlap 
matrix element ,5]. With use of typical ferromagnetic 
metals, this effect amounts to some tens percent. 

An intriguing possibility was indicated recently, con- 
sisting in tuning the tunneling conductance through the 
magnetic field effect on the barrier height @ , , which in 
principle can be exponentially strong. One of possible re- 
alizations of this idea is related to the tunneling between 
two macroscopic, non-magnetic electrodes through an in- 
termediate nanoscopic magnetic particle (island) embed- 
ded into the insulating spacer. The purpose is to con- 
trol the tunnel conductance in such a N-I-M-I-N junction 
(where N are non-magnetic electrodes, I insulator spac- 
ers, and M a magnetic metal nanogranule) by shifting the 
Fermi level in the island by the applied magnetic field H. 

It was proposed by Ono et al that the field depen- 
dent shift of Fermi level is 




FIG. 1: Redistribution of Fermi electrons to a shifted Fermi 
level ef — Sef, after Zeeman shifts of each spin subband. 



Fermi densities of states. They considered the field ef- 
fect due to Zeeman shifts of spin polarized subbands as 
shown schematically in Fig. ^ where equal hatched ar- 
eas correspond to redistribution of Fermi electrons to the 
shifted Fermi level. However, this simple argument does 
not take into account the field effect on the polarization 
of all the electrons, which is essential for the overall num- 
ber conservation and hence for the absolute position of 
Fermi level. Therefore, we feel a need in a more con- 
sistent treatment of the field effect on the overall band 
structure. 

This can be done, for instance, using the simplest two- 
subband Stoner model |j| for the total electronic energy: 
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where P is the polarization of Fermi electrons P = 
— DjJ / (Df + -DjJ and D a the respective partial 
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where nk.c is the occupation number for electronic state 
with momentum k and spin (in what follows f is iden- 
tified with a = I and J, with a = — 1), n CT = n^ a the 
partial electronic density, £k the paramagnetic dispersion 
law, J the Stoner coupling constant, and h = ^gfi^H 
the Zeeman energy. The standard routine of this model 
is to minimize E with respect to the band polariza- 
tion p — (rif — njj /n (for given total electronic density 
n = n-\ + ni) and to obtain the equilibrium value of 
p, which can be field dependent: p — p(h). But then 
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FIG. 2: Band structure of a Stoner ferromagnet displaying 
shifted subbands ej. >CT and shifted Fermi level ef (p) at finite 
polarization of subbands, compared to the paramagnetic val- 
ues £fc and £f (0). Vertical dashed lines show displaced lim- 
iting wavenumbers fc-^j, for spin subbands, compared to the 
paramagnetic value &f. 
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E(p) = n|^-[(l+p) 5/s + (l-p) 
The necessary minimum condition for Eq. 
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is just equivalent to Eq. and, being expanded for small 
polarization p <C 1 and weak external field h <C Jnp, 
leads to 
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we further use the obtained p to calculate the shift of 
Fermi level ev (p) vs its value in the paramagnetic state 
£ F = £f (0) (see Fig. EJ. 

For isotropic dispersion £k = ek and zero tempera- 
ture, the occupation numbers are simply n^ a = nfe, CT = 
8 [k a — k), where the limiting wavenumber k a can be ex- 
pressed from the relation for the partial density: 
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through the paramagnetic kp and p. Then the disper- 
sion law for (polarized) crth subband can be defined in 
accordance with the usual scheme of Landau Fermi liq- 
uid (LFL) theory: 
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where the cx-independent constant can be safely put zero. 
The uniform c-dependent shift with respect to the para- 
magnetic dispersion ek includes the two components of 
molecular field, the Stoner exchange field Jnp/2 and the 
external field ft. The condition for unique Fermi level in 
both subbands reads 
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and, evidently, the paramagnetic Fermi level is £f = £fe F 
Then we present the total energy as 
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and, taking account of Eq. [3] and using the parabolic 
dispersion ek oc fc 2 , obtain its explicit dependence on p: 
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includes the paramagnetic Fermi density of states Dp « 
(D T +D;)/2. Finally, substituting Eq. into Eqs. El 
and 0] results in the sought expression for shifted Fermi 
level: 
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This formula indicates that the sharpest response of £p 
to external field (when small enough: h <C evp 3 (0)) is 
achieved with the lowest band polarization p (0) , that is 
close to the Stoner critical condition: J Dp w 1. In this 
case, the ft-dependent contribution to Jnp/2 from the 
second term in r.h.s. of Eq. is rs ft(3/2p(0)) 2 > ft, 
that is dominating over the proper Zeeman term ft in the 
molecular field Jnp/2 + ft, which defines a great differ- 
ence with the Ono et al result. This can be expected, 
considering the LFL relation £p = SE/Sn and the phe- 
nomenological dependence of total energy on external 
field E = Eh=o — x/H 2 with the mean-field behavior of 
susceptibility \ ~ 1/p(0)- We also notice that the band 
polarization p in Eq. |S| is quite different from the Fermi 
level polarization P in Eq. and (for non-parabolic 
dispersion) can even have opposite sign. Practically, the 
required closeness to critical condition can be met in var- 
ious transition metal alloys, as e.g. Pd-Fe, Rh-Fe, or Ru- 
Co, though, when passing from bulk material to nanopar- 
ticles, the particular compositions of these systems might 
need to be reconsidered. 

Since the Stoner critical point corresponds to a kind of 
quantum phase transitions ^(|> an important ques- 
tion is the possible effect of quantum critical fluctuations 
which can put some restrictions on the choice of operating 
parameters. In particular, the correlation length of quan- 
tum fluctuations is estimated as £ c ~ ak^T c / '(spp(0)) 
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where a is interatomic distance, fcs the Boltzmann con- 
stant, T c the characteristic temperature of magnetic or- 
dering in the saturated state (far from the quantum crit- 
ical point), and in order that fluctuations stay smaller 
of the nanoparticle size d one needs the spontaneous po- 
larization no less then p m in ~ ak&T c / (de-p)- Then, with 
typical values a ~ 0.3 nm, T c ~ 300 K, d ~ 5nm, Sf ~ 1 
eV we obtain p m i n ~ 10~ 3 , permitting a really high en- 
hancement by Eq. |S] 

An additional enhancement of the field response of the 
N-I-M-I-N device can be found, considering Coulomb blo- 
cade and Coulomb staircase effects at tunneling through 
nanoparticles 0,0)E3' so that the system can be pre- 
viously driven by a common gate bias to the point of 
steepest dl/dV and then used to detect the current vari- 
ation due to weak magnetic signal Sh: 

36h dl 
~ 4p (0) dV ■ 



In conclusion, the simple analysis based on two- 
subband Stoner model for total electronic energy shows 
that an effective control of tunnel conductance can be 
achieved by tuning the position of Fermi level in one 
of the electrodes with relatively weak external magnetic 
field. This tuning is most pronounced when the mate- 
rial of the considered electrode is chosen to be close to 
the Stoner critical condition for ferromagnetic transition. 
The extension of this model to more realistic band struc- 
tures and exchange coupling schemes 0] is straightfor- 
ward. The proposed magnetic tuning mode can open a 
new route for modern spintronic devices. 
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